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INTRODUCTION 
This project focuses on defining how salmon thrombin can serve as a novel biomaterial to 

simultaneously reduce pain, while also promote hemostasis and wound healing subsequent to neural 
trauma. Broadly, the objectives of studies under this project were to quantitatively define the 
biochemical and cellular mechanisms by which salmon thrombin may be responsible for alleviating pain 
and to test if, and how, salmon thrombin can achieve a reduction in pain from painful nerve injury. This 
research project utilizes biochemical, in vitro, and in vivo approaches to define mechanisms of action 
and to evaluate effects of salmon thrombin on mitigating pain responses. We hypothesized that 
differences in the catalytic activities between human and salmon thrombin and differences in immune 
cell activation, make salmon thrombin effective at reducing pain while also promoting wound healing 
and neuronal survival after neural trauma. Work under this project has focused on measuring rates of 
proteolysis of thrombin substrates by human and salmon thrombin, quantitatively comparing cellular 
activation by human and salmon thrombin, measuring cytokine production by mammalian inflammatory 
cells in response to human and salmon thrombin, quantifying effects of thrombin treatment on cellular 
mechanics, and evaluating recovery, pain responses and cellular mechanisms with thrombin 
formulations in an in vivo model of painful nerve trauma.  In the first year of this project we made good 
progress on all studies and met the timeline of activities and milestones that were laid out in the 
approved statement of work. The details of those efforts were previously summarized in detail in the 
annual report submitted in the Fall of 2011. In April 2012, we submitted a request for no-cost-extension 
of the project activities, which was granted in July of 2012. Since our last report of progress, we 
continued to make substantial progress in all areas, including publishing work from Aims 1 and 3, as 
well as focusing primarily on the in vivo studies under Aims 4 and 5. During the period of this award, 
we presented our findings at several national meetings related to basic science, clinical groups and 
military health services, have applied for funding from other mechanisms using this work as pilot data, 
and have several publications and several more due to be submitted based on the work completed under 
this project. We are poised now to continue to investigate our initial hypothesis in more detail and with 
more specific grounding, based on this Hypothesis Development Award. 
 
BODY 
 Since our last report we have made substantial progress on all Tasks and have met the milestones 
proposed in the approved statement of work. We have presented/published our work in a variety of 
venues and continue to do so. In this portion of the report we include those methods and results in detail 
that were not previously summarized in our last annual report and that have not been reported or 
included in other publications. Where applicable, we refer to those publications, abstracts and 
presentations; the abstracts and presentations are provided in the Appendix. A primary goal of this work 
was to study how human and fish thrombin differ enzymatically in order to understand why the pain 
response with treatment from each species is different. As such, coordinated studies using in vitro and in 
vivo approaches were performed in this project. We structure this section of the report to provide an 
overall summary of each task, followed by a more-detailed report of the relevant data and findings.   

The GANTT chart below summarizes the specific tasks that were associated with each aim 
across the entire project period under the approved statement of work. Before providing a detailed 
summary of the research findings, we indicate the current status of each activity to provide an overview 
of the research activities completed and the remaining activities. For all activities, we have completed 
the experiments and analysis and the remaining activities are limited to publication in only a few Aims 
(Milestone #6). Of note, the original Tasks related to the microfluidics for macrophage migration studies 
(Tasks 3d and 3e) were redirected to focus on defining the activation responses (mechanical and 
inflammatory) of astrocytes since that work is more-relevant and meaningful given the findings from our 
studies to date on inflammation and pain [Dong & Winkelstein 2010; Rothman & Winkelstein 2010; 
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Dong et al. 2013; Smith et al. submitted]. This modification was previously addressed in our prior 
approved report. Further, the macrophage responses are complemented by studies of blood-spinal cord 
barrier breakdown in the in vivo studies under Aims 4 and 5. 
 

TASK Q1 Q2 Q3 Q4 
TASK 1 – Aim 1: Proteolysis studies 
1a. Acquire thrombin completed        
1b. Define protease activation completed      
1c. Data analysis & integration completed     
1d. Milestone #2–Publish findings  completed 
TASK 2 – Aim 2: Cell activation studies (in vitro) 
2a. Establish cell cultures & test 
thrombin concentrations 

 completed       

2b. Perform activation assays  completed    
2c. Data analysis & integration   completed    
2d. Milestone #4–Publish findings  Studies completed & publication in 2013 
TASK 3 – Aims 3 & 4: Cytokine (Aim 3) & Macrophage migration (Aim 4) studies (in 
vitro) 
3a. Test thrombin concentrations & 
optimize time points 

 completed       

3b. PCR & IHC assays for day 3 & 
day 7 

 completed     

3c. PCR & IHC assays for 6 hr & 
day 1 

  completed    

3d. Set-up thrombin gradient 
techniques 

 removed      

3e. Macrophage migration studies    removed & modified for in vivo 
3f. Data analysis & integration     completed 
3g. Milestone #5–Publish findings  completed 
TASK 4 – Aims 4 & 5: Behavioral studies (in vivo) 
4a. Milestone #1–Obtain 
regulatory approval for rat studies completed      

4b. Acquire thrombin     completed  
4c. Milestone #3–Identify 
thrombin concentrations for rat 
studies  

  
completed 

  

4d. Perform day 14 rat studies      completed  
4e. Perform day 3 & 7 rat studies       completed 
4f. IHC assays & analysis (rat)      completed 
4g. Analysis of rat data       ongoing 
4h. Milestone #6 – Submit 
publication (rat studies) 

 planned publications in early 
2013 

 
Task 1 

Work under Task 1 corresponds to Aim 1 which had the main goal of evaluating the proteolysis 
rate of human and salmon thrombin. Thrombin is a serine protease that cleaves fibrinogen to form fibrin, 
but it also is responsible for many of the cascades that cause pain and inflammation and stimulates 
inflammatory cytokine production. Activation of those cascades occurs primarily through the cleavage 



6 

of PARs, or protease activated receptors which are G-protein coupled receptors. As detailed in our prior 
report, there are four PARs –1 ,2, 3 and 4; thrombin can cleave PARs 1, 3 and 4. The PARs are self-
activating, so when thrombin cleaves them near the N-terminal the remaining end acts as a tethered 
ligand that then activates the PAR. There is also a second thrombin receptor site which is a hirudin-like 
site, which is present on PARs 1 and 3. 

In our prior report we summarized activities under Tasks 1a and 1b to evaluate if there are 
enzymatic differences between salmon and human thrombin. The kinetics of protease activation were 
tested using fluorogenic synthetic substrates that mimic the thrombin receptors. Details of those methods 
are provided in our publications in the Appendix [Oake et al. 2011; Smith et al. 2012a] and in the paper 
we recently submitted to Molecular Pain [Smith et al. 2012]. For the PAR1 peptide at 37 degrees, 
human thrombin was found to cleave the peptide faster than fish thrombin. When quantifying the rate of 
cleavage for each of the PARs tested, it was found that the rate of cleavage for human thrombin is 
significantly (**p=0.01) faster than for salmon thrombin [Oake et al. 2011; Smith et al. 2012a]. PAR3 
and PAR4 were also tested, but the rate of PAR4 cleavage was so slow that any difference was 
undetectable using this approach; no difference was observed between species in PAR3 cleavage rate 
[Oake et al. 2011; Smith et al. 2012a]. 

Thrombin activity, as measured by fibrinogen 
cleavage rate, was inhibited by hirudin and antithrombin 
III (ATIII) in separate studies, for both species of 
thrombin (Figure 1) but with different dose-dependence. 
Salmon thrombin retains significantly (p<0.0001) more 
activity than human thrombin overall, as evidenced by a 
faster fibrinogen cleavage rate over a range of 
[hirudin]/[thrombin] ratios (Figure 1A). Specifically, 
salmon thrombin exhibits a significantly (*p<0.002) 
faster fibrinogen cleavage rate at ratios of 1 and 1.5 
(Figure 1A). In contrast to the differential inhibition by 
hirudin, there is no difference in the reduction of human 
and salmon thrombin activities by human antithrombin 
III (ATIII) (Figure 1B). Taken together, hirudin inhibits 
salmon less effectively than human thrombin but ATIII 
inhibited both salmon and human thrombin equally 
[Smith et al. 2012b]. 

Synthesizing (Task 1c) these collective results we 
have been able to develop several conclusions and 
reported (Task 1d; Milestone #2) them in the 3 
presentations (see Appendix) and in 1 submitted 
manuscript [Smith et al. 2012b] (#2, #3, #6, #8 in 
Bibliography). Salmon thrombin hydrolyzes peptides 
mapping the PAR1 cleavage sequence at slower rates than human thrombin, suggesting that salmon 
thrombin may be less efficient at activating cellular PAR1. This cleavage data suggests there to be an 
inherent difference in PAR1 cleavage rate between these species that may also be related to the 
difference in their effectiveness of attenuating pain. In many physiological systems thrombin can initiate 
dual signaling cascades at least partially based on the type of proteins that are coupled to the activated 
receptor or the degree of PAR1 activation [Dale & Vergnolle, 2008; Ma & Dorling, 2012]. For example, 
PAR1 activation by thrombin in endothelial cells can induce vascular protection or vascular leakage 
depending on which sphingosine 1-phosphate (S1P) receptor PAR1 is coupled to, SIP1 or SIP3 [Ma & 
Dorling, 2012]. Within the nervous system, PAR1 agonist concentration seems to be more important for 
the subsequent signaling; low concentrations of PAR1-AP decrease levels of phosphorylated ERK 

Figure 1. 
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(pERK), a marker of cellular trauma, whereas high concentrations increase pERK expression, 
suggesting that high concentrations may amplify trauma [Gao et al. 2009; Shavit et al. 2011]. In our 
studies, salmon thrombin cleaves PAR1-like peptides slower than human thrombin for both the PAR1 
cleavage sequence and the cleavage sequence plus a hirudin-like domain [Smith et al. 2012b]. Previous 
studies show that salmon and human thrombin are equally efficient at cleaving peptides based on the 
human fibrinogen cleavage site [Michaud et al. 2002]; our findings study agree with prior reports. Since 
PAR1 is activated slower by salmon thrombin than human thrombin it is possible that salmon thrombin 
mitigates cellular trauma following nerve root injury while human thrombin may exaggerate trauma.  
 Although PAR1 activity is different between salmon and human thrombin it is possible that other 
receptors also are partially responsible for the effects observed here. For example, the activation of 
thrombin-cleavable PAR4 via a PAR4 activating peptide (PAR4-AP) in cultures of primary sensory 
neurons attenuates intracellular calcium responses [Asfaha et al. 2007]. It is possible that salmon 
thrombin activates PAR4 more readily than human thrombin, also contributing to its analgesic 
properties. In our studies, differences in affinity for various molecules was observed between the two 
species of thrombin, including the PAR1 cleavage sequence, the PAR1 cleavage sequence with a 
hirudin-like domain, and the thrombin inhibitor hirudin which suggests that there may also be 
differences in their affinities for other molecules [Smith et al. 2012b]. Future studies inhibiting the 
action of the PARs after nerve root injury would provide further information on whether this and other 
PAR receptors contribute to the analgesic properties of salmon thrombin. Nonetheless, the results from 
this study indicate that PAR1 activation rate may be a key contributor to the analgesic and anti-
inflammatory actions induced by salmon thrombin, which are not exhibited by human thrombin.  

 
Task 2 

Work under Task 2 corresponds to Aim 2 with the main goal of evaluating if there is a 
difference in the activation of cells involved in pain in vitro due to stimulation by human and salmon 
thrombin. We use primary neurons and astrocytes obtained by standard methods from rodents. Under 
Task 2a we established methods for culturing and stimulating isolated astrocytes and mixed cultures of 
astrocytes and neurons. We evaluated cellular activation in response to thrombin alone and with 
thrombin treatment following an inflammatory stimulus. Activation was assayed by quantifying changes 
in cell shape and area and GFAP expression for astrocytes, using routine methods of fluorescence. For 
proliferating cells, cell counts were performed using DAPI. For both human and salmon, thrombin 
concentrations were varied between 1U/ml and 10U/ml. Cells were routinely observed for morphologic 
changes and cytokine production for up to 7 days under these conditions. Based on cytokine production 
for each concentration, the 10U/ml actually induced increases in IL1β while the 1U/ml resulted in 
decreased inflammatory response. Further, cells were stimulated using both substance P (a common 
mediator of nociception) and LPS (a common initiator of inflammation in experimental studies) [Chung 
& Benveniste 1990; Miyano et al. 2010; Loram et al. 2011]. From those studies that were previously 
summarized in our prior annual report, it was determined to use a 1U/ml concentration of both human 
and salmon thrombin in subsequent studies. 

Mixed cultures of astrocytes and neurons were used for studies in Task 2b and have been 
previously described in our last report. Cells are plated onto poly-Llysine-treated (PLL; Sigma-Aldrich; 
St. Louis, MO) T75 tissue culture flasks (Fisher Scientific, Inc.; Pittsburgh, PA) at a concentration of 
1x105 cells/ml. Media was changed every 3-4 days. After 13 days in vitro (DIV), cells are released from 
the flasks with trypsin at 37°C. After 5 minutes, enzymatic activity is stopped with serum containing 
media and cells are centrifuged at 1000 rmp for 5 minutes. Cells are resuspended and plated onto 114 
PLL-coated glass bottom dishes (MatTek Corp.; Ashland, MA) at a concentration of 1x105

 cells/ml. 
Cultures are allowed to stabilize at 37°C in 5% CO2 for 7 days with media changes every 3-4 days prior 
to any stimulation or treatment. Since in the last report, we summarized our studies of mixed 
astrocyte/neuron cultures that were stimulated with lipopolysaccharide (LPS) at day 0 at a concentration 
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of 1 µg/mL, we provide only a brief summary of those findings here. In the mixed culture of astrocytes 
and neurons, LPS stimulation increases PGE2 production by approximately 1.2-fold at both day 2 and 
day 7. LPS stimulation also reduces the astrocyte perimeter by 20% compared to the unstimulated 
control, indicating activation of astrocytes (Figure 2).  

Based on those studies 
with LPS, we also administered 
salmon thrombin at a 
concentration of 1 µg/ml in 
mixed neuronal-astrocytic 
cultures that had been stimulated 
by LPS and probed for PAR1 
expression at 1 hour and 1 day 
after treatment. PAR1 expression 
decreases within 1 hour of 
stimulation, but is returned to 
control levels when thrombin is 
given, further supporting the 
hypothesis that salmon thrombin 
provides anti-inflammatory 
effects (Figure 3). 

Extending that work, we 
evaluated the rate of cleavage of 
the PAR1 using the in vitro 
cultures.  Human and salmon 
thrombin were given at the same 
doses as above and PAR1 
expression was assayed at 15 
minutes and 30 minutes. The 
number of cells positive for 
PAR1 was found to be 
significantly greater (p=0.001) for salmon 
thrombin than human thrombin at 15 minutes 
(Figure 4), supporting the findings that salmon 
thrombin cleaves the PAR1 N-terminus slower 
than human thrombin (Task 1; Figure 1). 
Together, all of these findings were the basis of 
a larger study that was recently accepted in the 
Journal of Neurotrauma [Dong et al. 2013; #7 
in Bibliography]. 

In order to extend work defining cell 
activation, we also implement atomic force 
microscopy (AFM) to define the cellular mechanics of astrocytes in response to thrombin treatment. The 
experimental conditions were the same as those described above, with astrocyte cultures treated for 30 
minutes with thrombin (either salmon or human) and then rinsed 3 times with PBS. There is mounting 
evidence that as astrocytes become activated their stiffness is also altered; AFM enables the 
measurement of cellular modulus.  We determined that there is a significant difference (p=0.01) in the 
stiffness of astrocytes treated with human thrombin compared to untreated controls (Figure 5), while 
treatment with salmon thrombin does not modify cellular stiffness. These findings are indeed quite 
exciting as they may provide an explanation for some of the in vivo results we observe under Task 4.  

Figure 2.

Figure 3.
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As we proceed with analyzing these in vitro studies and the in vivo studies under Task 4g, we expect to 
incorporate these AFM results in the manuscript we are preparing for submission in early 2013 (#9 in 
Bibliography) 

Task 2c includes the data analysis 
and integration across Tasks in this Aim 1, 
and as described above is almost complete. 
Task 2d involves the publication of this 
work and is expected in the next few 
months. Parts of these findings have been 
published and presented in several podium 
presentations and submitted papers (see 
Appendix; #6, #7, #8 in Bibliography). 

 
Task 3 

Work under Task 3 corresponds to Aims 3 and 4 of the proposal and focused on quantifying 
cytokine production in response to thrombin stimulation, at early time points in the in vitro studies of 
Aim 2. Cytokine production in astrocytes was measured in response to human and salmon thrombin 
using PCR to define message levels and ELISA to quantify inflammatory mediators implicated in pain. 
We evaluated TNFα and IL1β because of their known roles as pro-inflammatory agents, and their ability 
to induce pain [DeLeo & Yezierski 2001]. Under Task 3a, we had proposed to establish the cultures and 
optimize the proposed time points for assessment. We originally proposed to probe responses at 6 hours, 
day 1, day 3, day 7 after stimulation, but following pilot studies, we in our last report we revised those 
assessment points to 1 and 24 hours since the cytokine cascade is regulated early and the in vivo studies 
in Aim 5 will capture the later responses. Accordingly, under Tasks 3b and 3c, we performed PCR and 
ELISA at these time points. In our last report, we detailed findings from studies in which cells were 
stimulated by 100nM substance P and treated 1 day later with 1U/mL of either human or fish thrombin. 
Briefly, the amount of IL-1β in the supernatants from the astrocyte cultures was lower (to nearly one-
third) for treatment with the fish thrombin compared to the human thrombin (p=0.037). However, after 1 
day in culture, the fish thrombin was also less active than the human thrombin (p=0.0003). These data 
suggest that the reduced astrocytic inflammatory response to fish thrombin may be caused by the 
reduced activity of fish thrombin or by the slower proteolysis rate of fish thrombin on PAR1. Those data 
were included in the publication at the Annual Meeting of the Biomedical 
Engineering Society (BMES) in October 2011 [Oake et al. 2011] (see 
Appendix). This same significant relationship was observed in cultures of 
astrocytes alone and in mixed astrocyte-neuronal cultures. Additional 
studies were performed to assess PAR1 mRNA in spinal cells at two early 
time points following painful nerve root trauma. The specific details of 
those methods are included in the abstract that presented this work at the 
American Society of Mechanical Engineers Summer Bioengineering 
Conference in June 2011 (ASME-SBC) [Smith et al. 2011b] (see 
Appendix). In summary, those data indicate that decreases in PAR1 mRNA 
relate to pain and can be regulated early on following the injury.  Upon 
further investigation, we also were able to localize PAR1 expression in 
both neurons and astrocytes in our cultures (Figure 6). Since that time, we 
expanded the group sizes and reported that work at the Military Health 
System Research Symposium in August 2012 (see Appendix; #4 in 
Bibliography).  

We also performed additional dose resposne studies with thrombin treatment at different doses to 
evaluate effects on IL-6 production (Figure 7) [Smith et al. submitted]. The concentration of IL-6 protein 

Figure 6. 

* 
Figure 5.
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in the supernatants of mixed cortical cultures was significantly (p<0.0001) increased when the cultures 
were treated with human thrombin as compared to salmon thrombin (Figure 7). Further, cultures treated 
with human thrombin released significantly (p<0.0363) more IL-6 than cultures treated with salmon 
thrombin at each individual thrombin concentration of 0.2, 0.5 and 1 U/ml (Figure 7).  

Assessments of macrophage migration were 
originally proposed in studies under Tasks 3d and 3e. Of 
note, we elected to evaluate integrity of the blood brain 
barrier in the in vivo studies as a more relevant metric of 
cellular migration since that will provide a more 
comprehensive understanding of the consequences of 
such changes in vivo and in the context of pain behaviors.  
These studies (Task 3e) are included in work under Task 
4, accordingly. Also, Task 3f was removed as per the 
review detailed in our prior report.  Since the main goal is 
to evaluate these responses in the context of pain such in 
vivo assessments will provide more added value than 
simple migration assays in vitro.   

Tasks 3f and 3g include the data analysis and integration as well as the publication of this work 
and is completed as described above. To date, parts of the findings under this Aim were published and 
presented at several meetings and in already submitted and planned manuscripts (see Appendix; #4, #6, 
#8, #9, #10 of Bibliography). 
 
Task 4 

Work under Task 4 corresponds to Aims 4 and 5 which utilizes an in vivo model of traumatic 
nerve injury in the rat. Specific sub-tasks of those Aims were the primary effort over the last period of 
this project. As previously reported, Tasks 4a-4c were completed during the prior reporting period and 
Tasks 4d-4f have been ongoing in the last period. We obtained regulatory approval from both the 
University of Pennsylvania and USAMRMC, in August 2010 and September 2010, respectively (see 
Appendix for approval letter from Penn IACUC). In addition, it was determined based on the in vitro 
studies, that thrombin would be used at a concentration of 1U/ml for all in vivo studies (Task 4c).   

Rats underwent a transient painful compression of the right C7 dorsal nerve root [Smith et al. 
2012b; Syre et al. 2012]. Briefly, surgical procedures were performed under inhalation anesthesia with 
the rat in the prone position (4% isoflurane for induction, 2% for maintenance). An incision was made 
from the base of the skull to the T2 spinous process. A hemilaminectomy and partial facetectomy were 
performed on the right side of the C6/C7 spinal levels in order to expose the right C7 dorsal nerve root. 
The nerve root was compressed for 15 minutes with a calibrated 10 gram-force microvascular clip 
(World Precision Instruments, Sarasota, FL). Following clip removal, any blood was cleared from the 
compressed nerve root and 20 µl of either salmon (salmon, n=6) or human (human, n=6) thrombin (2 
U/ml in neurobasal media) was added to the nerve root. A separate control group received a vehicle 
treatment (vehicle, n=6) of 20 µl of only the neurobasal media. Wounds were closed with polyester 
suture and surgical staples. Rats were allowed to recover in room air under continuous monitoring.  

Behavioral sensitivity was assessed in the forepaw by measuring mechanical allodynia on days 1, 
3, 5 and 7 post-injury. Allodynia was also measured for each rat before any surgical procedures to 
establish baseline responses. Prior to each testing session rats were placed in elevated cages with mesh 
bottoms and allowed to acclimate for 15 minutes. Mechanical allodynia was measured by stimulating 
the plantar surface of the forepaw on the side ipsilateral to the root compression, using 1.4 and 4 gm von 
Frey filaments (Stoelting Co., Wood Dale, IL). Testing sessions consisted of three rounds of 10 
stimulations to each paw, separated by a 10 minute rest period. A positive response was considered as a 
paw withdrawal and was often accompanied by licking or shaking of the paw. The number of paw 

Figure 7. 
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withdrawals in a session were counted for each rat and averaged within groups for each day. A repeated 
measures analysis of variance (ANOVA) with Tukey’s 
test was used to determine statistical differences between 
groups overall and on individual days for each testing 
filament. 

Mechanical allodynia in the ipsilateral forepaw of 
rats that received a painful nerve root compression with 
vehicle treatment of neurobasal media is significantly 
elevated over baseline responses on all days for testing 
with the 4 g von Frey filament (p<0.0001) and at day 1 
using the 1.4 g filament (p=0.006) (Figure 8). A single 
administration of salmon thrombin is sufficient to 
significantly reduce (p=0.004 for 1.4 filament; p=0.0004 
for 4 filament) allodynia compared to vehicle for both 
von Frey filament strengths. Further, allodynia responses 
are significantly (p<0.002) different between salmon and 
vehicle treatments on days 5 and 7 when testing with a 4 
g von Frey filament (Figure 8). In contrast, 
administration of human thrombin does not modify 
mechanical allodynia after injury on any post-operative 
day compared to vehicle (Figure 8). Rats treated with 
human thrombin exhibit mechanical allodynia that is 
significantly elevated over the salmon thrombin group 
overall (p<0.0004) and on each post-operative day 
(p<0.036).  

Additional studies using 
separate rats (n=4 each group) 
measured neuronal activity in the 
spinal cord (Figure 9) and suggest a 
reduction also in neuronal activity 
following salmon thrombin treatment.  
We continue to analyze those data, 
together with the 
immunohistochemical data from these 
same studies for insight into the 
mechanisms by which salmon thrombin attenuates pain. Although these data were recently presented at 
2 scientific meetings [Syre et al. 2012; Smith et al 2012a] (see Appendix; #5, #6 in Bibliography), the 
in-depth analyses (under Task 4g) are ongoing since there is a large amount of data generated. We 
anticipate submitting 2 more manuscripts from these analyses in early 2013 (Task 4h; Milestone #6). 
Further, these pilot data from early in vivo studies under this project formed the basis of a proposal for 
continued funding from the Cervical Spine Research Society, that we were successful in obtaining 
funding (see Funding Applied For below). 

 

KEY RESEARCH ACCOMPLISHMENTS 
• Established relevant culture systems for assaying thrombin effects on inflammation. 

• Determined that both salmon and human thrombin decrease TNFα and IL1β mRNA, but 
salmon thrombin produces a more robust and significant decrease in astrocytes than does 
human thrombin. 

Figure 8. 

Figure 9.
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• Established methodology and identified relevant substrates for studying enzymatic activities 
of PARs. 

• Determined that salmon thrombin cleaves PAR1 at a slower rate than human thrombin. 

• Identified that the slower rate of cleavage by salmon thrombin may be due to its lower 
affinity for hirudin. 

• Determination that PAR1 is associated with pain and neural trauma and appears to be 
regulated in activated immune cells in response to painful trauma. 

• Identification that the modifications in PAR1 occur very early following its exposure to 
thrombin. 

• Determined that salmon thrombin does not modify astrocyte cell stiffness whereas human 
thrombin does. 

• Anti-inflammatory treatment that attenuates pain also modulates PAR1 expression in vivo. 

• Determination that salmon thrombin given at the time of injury eliminates the development 
of pain in vivo, in association with attenuating spinal hypersensitivity.  

 

REPORTABLE OUTCOMES 
Bibliography of Published Manuscripts & Abstracts (see Appendix for Abstracts & Slides of Presentations) 

1. Smith JR, Rothman SM, Janmey PA, Winkelstein BA. Spinal PAR1 mRNA Levels are 
Regulated by Mechanical & Chemical Cues in Painful Nerve Root Compression. ASME 
Summer Bioengineering Conference, #SBC2011-53084, Nemacolin, PA, June 2011. 

2. Oake SA, Smith JR, Janmey PA, Winkelstein BA. Distinct Effects of Human and Salmon 
Thrombin on the Inflammatory Response of Mammalian Astrocytes. BMES Annual 
Meeting, #Sat-1-2-C, Hartford, CT, October 2011. 

3. Smith J, Rothman S, Black J, Winkelstein BA. Spinal PAR1 mRNA Expression Decreases 
Early After Painful Nerve Root Injury with Inflammation. BMES Annual Meeting, #Sat-1-
5-A, Hartford, CT, October 2011. 

4. Smith JR, Weisshaar CL, Janmey PJ, Winkelstein BA. Salmon Thrombin Treatment 
Reduces Protease Activated Receptor 1 Expression Following Painful Nerve Root Injury. 
Military Health System Research Symposium, #12-141, Ft. Lauderdale, FL, August 2012. 

5. Syré P, Smith JR, Nicholson KJ, Welch WC, Janmey PA, Winkelstein BA. Salmon 
Thrombin Leads to Decreased Spinal Cord Responsiveness in Painful Radiculopathy. 24th 
Annual Pan Philadelphia Neurosurgery Conference, Philadelphia, PA, December 2012. 

6. Smith JR, Nicholson KJ, Syré P, Janmey PA, Winkelstein BA. A Novel Bioengineered 
Biomaterial to Treat Painful Neural Trauma via Modified Thrombin Activity for Improving 
Neuronal Function and Treating Pain. Cervical Spine Research Society Annual Meeting, 
Chicago, IL, December 2012. 

7. Dong L, Smith JR, Winkelstein BA. Ketorolac reduces spinal astrocytic activation and 
PAR1 expression associated with attenuation of pain following facet joint injury. Journal 
of Neurotrauma, to be published 2013. 

8. Smith JR, Oake S, Weisshaar CL, Cruz K, Bucki R, Baumann B, Janmey PA, Winkelstein 
BA. Salmon and human thrombin differentially regulate radicular pain and inflammation 
through differences in their rate of cleavage of the protease-activated receptor-1. Molecular 
Pain, submitted. 
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9. Smith JR, Syré P, Nicholson KJ, Janmey PA, Winkelstein BA. Salmon thrombin attenuates 
spinal hypersensitivity in association with reduced inflammation and pain following nerve 
root injury, to be submitted Spring 2013. 

10. Smith JR, Janmey PA, Winkelstein BA. Blood-spinal cord barrier response after 
neuropathy is modulated by salmon thrombin in association with attenuation of pain and 
neural repair, to be submitted Spring 2013. 

 
Funding Applied for Based on Work by this Award 

1. Jenell Smith, graduate student on this project applied for and received a Student Travel Grant 
Award from GAPSA at Penn to present the poster presentation for #1 above, 2011. 

2. Collaborative Research Grant from Comprehensive Neuroscience Center at Penn in 2011 – 
not funded. 

3. 21st Century Grant Award from Cervical Spine Research Society – funding provided 
($75,000) to implement additional electrophysiology assessments in vivo with thrombin 
treatment to investigate the neuronal functional responses as follow-on funding in 2012. 

4. NIH grant application planned for submission Feburary 2013, using the data in this report as 
pilot data for that application. 

 
List of Personnel Receiving Pay from this Award 

1. Dr. Beth Winkelstein 

2. Dr. Paul Janmey 

3. Dr. Raz-Ben Arouch 

4. Ms. Jenell Smith 

 

CONCLUSION 
Salmon thrombin as a biomaterial has a long shelf-life and can be easily deployed in wounds 

with little-to-no medical expertise. Considering these advantages, together with the results of the studies 
completed already, salmon thrombin has tremendous promise for rapid translation to provide major 
benefit for alleviating pain. We hypothesized that differences in the catalytic activities between human 
and salmon thrombin, and differences in the spectra of cell types that are activated by this protein, 
render salmon thrombin effective at reducing chronic pain. Studies completed under this award 
support our original hypothesis and have importance in moving forward. Among the major 
findings of importance include the fact that salmon thrombin decreases mRNA and protein for two pro-
inflammatory cytokines involved in pain, TNFα and IL1β, more robustly than human thrombin does in 
astrocytes, which are known regulators of pain. A second major important finding is that salmon 
thrombin cleaves PAR1 at a slower rate than human thrombin and that this thrombin receptor is also 
associated with pain. Also, the lower affinity for hirudin that was found for salmon thrombin compared 
to human may explain the slower cleavage rate for salmon thrombin. Most importantly, perhaps, are the 
findings from the in vivo pain model. Salmon thrombin treatment reduces pain behaviors, spinal 
hypersensitivity, inflammation, and PAR1 expression. These findings are quite novel and have 
tremendous implications for both hemostasis and pain. In addition, they establish a strong and exciting 
foundation for future in vivo and in vitro studies to better define the specific cellular and biochemical 
mechanisms responsible for attenuating inflammation, neuronal injury and pain.  
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We made only minor changes to our Work Plan from the original proposal, as approved in our 
last annual report. The collection of other studies (both in vitro and in vivo) removed the need for the 
macrophage migration studies originally proposed under Tasks 3d and 3e. We believe such an 
undertaking would indeed have been unnecessary and would have detracted from the exciting in vivo 
experiments that were carried out under our no-cost-extension of this project. We have evaluated the 
macrophage response in our studies using salmon fibrin treatment and found them to be highly variable 
[Weisshaar et al. 2011].  Under this project, we have been very productive, having produced 10 
publications and/or abstracts and have successfully received additional follow-on funding and plan to 
apply for more, based on the promising data that were obtained while evaluating our hypothesis. 

Current methods to alleviate pain from neural trauma are limited in effectiveness, are sedative, 
and are not easy-to-use in combat field conditions.  Accordingly, there is a tremendous and immediate 
necessity for the development of novel approaches to treat trauma injuries that enable pain management 
and can provide early treatment at the point and time of injury.  Findings to date on this project indicate 
that this product – a salmon thrombin biomaterial – provides very rapid (within 15 minutes) regulation 
of the cascades that are involved in clotting and that it also mediates inflammatory and possibly 
nociceptive processes. In addition, the new knowledge regarding the cleavage rates and hirudin binding 
differences that we have uncovered between these two species can have far-reaching basic science 
implications as well.  This material product has a long shelf-life and can be easily deployed in wounds 
with little-to-no medical expertise.  Taking that information together with the findings from our research 
under this award, this biomaterial has tremendous promise for rapid translation to provide major benefit 
to the military should these studies show promise for alleviating pain.  We are very encouraged by the 
findings in this project and are excited to continue to pursue studies further defining the anti-
inflammatory and pro-survival pathways of salmon thrombin for pain relief and neural tissue healing. 
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APPENDIX 
Oake SA, Smith JR, Janmey PA, Winkelstein BA. Distinct Effects of Human and Salmon Thrombin 
on the Inflammatory Response of Mammalian Astrocytes. BMES Annual Meeting, #Sat-1-2-C, 
Hartford, CT, October 2011. 

 

 

 

01stinct Effects of Human and Salmon Thrombin on the lnflammatol)' Response of Mammalian 
Astrocytes 
S. A Oake1

, I . R. Smith'. P. A Jaruney1
, and B. A. Wiokel:>tcin1 

1Uoi\-tN:ity ofPtnnrsyh•:ln.iA, PhiS;ldelJilla, PA 
Introduction: Thrombin inhibition bas lhc potential to prevent (be neurotoxic respon9Cs tbat cao be caused b)• local increases 
in clouin$ fact()N aJ:lcr •raUttlatic oeurnl tis:$ue daroase (1.2). Thrombin tri~irr$ ~eUula, response$ by UC'IiVl:uins proceurse 
acti\•atcd rcoeptors (PARs). of whi>ch thrombin can ck:ave thn::e o( tbe (our ~ntilicd subtypes (PAR I, 3, 4). Thrombin 
c~a\'tiS" of PAR I lind PAR 3 i$ S(~ly aMJed by 1he hirudio.Jike fWI:JUOOCte ()( lhe· eXllflotlhaS;lrly e.xpo$td N-tenuio:~J [3). 
Thrombin acti\atioo through these PARs in g.lia. including astrocytcs. propagates inflammation aod can kad to pain (1.4). 
Ho"wer. bkx:kitJ8 •be uclivity of endo~~ lhrombin tan tead to ui)(:Qntrolkd bleedinS whicb makers i1 :~J ~K~ de$irnble to 
reduce tbe inJ1aUllllQtory circ:cts of thrombin while maintaining its normal functJons in coo:gulatioo.. The eOtcts of lhrombin 
<>n C();l~l:~tioo, iofl:~ m.ro:~ tioo, and poin e\'()t\o'ed .tepotfl lely :~~ i!D$t~Stl differcot ~tra1ers . Co:~sul:~ lioo i$ rslJ\lnS]y preserved 
between mauunals aod fish: tbe m.c.tioo o( human ooog.ulatioo proteins wilh hllllllm and saJruon lhrombin are oeatly 
iudirstirl$!uirshable (S,6]. lo contn\$L, meehanismrs of inllarntnati<>n ::w.l oocioe(l'ion ""' higbly d-iversentl.x1\V~n oerntnal$ lind 
fish 161, suggesting tbat sabnoo thrombin roi.ght ba\'e distinct eiltc:ts on mauunal.ian lntlarumatJon. 'Ibis study compared tbe 
at·lh•ily of h111ofln aod firsb 'b.nlrobi:n by roeasurioslhe proleoly$i$ ruu.-s of P~ lhe iohi'bilion of 11vombin by hitudin, fiD::I 
effects of thrombin treatrumt on tbc inflammatory respon9C of asttOC)'Its. 
M~ttt!ri~tli unci Mtthl>d3: To qu.~nti.fy pro1eoly$irs rtlre!S, lhe ioditiued Ouoroscoi<: P"J'Iide uud 1hrombio weN mixed und the 
change of 11ooccsoeoce intensity, which couesponds to c:kavag.c. was recorded. HlUnan and fish thrombin activities were first 
made equ.'lJ by nom.a.l.iz:in$! !he c~a"use ..,1e of a pepcide $t<'jlltmC:e (:~!inS I() fibrino~ Ptpcide ~es 
oorrespooding to tbe thrombin ckavage sites in PAR I. J and 4 wue (unctional.ized wilh -AMC 11oorog.m.ic groups (Abgeot). 
Hitudin biodin$ affmity 10 •Jtn.)mbin wars ~otifaed by roearsurios c~a"u~e of'be librinosen·based ~..,te ufte,- udditi<>n of 
\'arying. ratios o( hinadin to thrombin. Itt \'itro stOO:ics usod pUmry astrocytes han'ested from Spctague-Oowk:)' rat pup brains 
(EI8) und prepped fOrtul~ (IACUC...,.ppro.,'ed), AJ'Ier 14 <byrs io col1Ut~ cell$ \\'eR' rstimulaled by 100 nM ~;~Me P fl r)(l 
troutod I day later wilh IUiroL or citbc:J hunum or r~ thrombin. Supcm.1t.1nts \t-.:re c:olkoted I day later und IL·IP 
OOL'ICClltttllion wu quantHicd usins ELISA. Thrombin acti\'it)' in lJ~. sutx>matll!lts 'vas aOO quantir~ed using lhc librinoi!L'tl 
peptide. Diffcnme.:c.s ~"'"" bum.1ni'lod (&Sh thrombin w~re oompun:d usitlg: t-t~s. 
R~,u~ and Dltcutdon: At physiologicsl k>mpertl l\lro (37'C), list thrombin ck:tws PAR1 approximately 3 tinws slower 
ttum bum.1n throtmin (p-O.OOU). Cleuvattt rules of PARJ und PAR4 tt'f:Je not 
difletent Fish thrombin binch hirudin halr as strongly as hun'ltln lhrombin til a 
hirudi.Mbrombi:n ratio of I (p-0.008) i'lod one·Otird M well ut ., mtio or LS 
(p=O.OII) (Figure I). In addition, tbe amount o( IL-IP inlhe supernatants from lhe 
a$1rOCyte cullure$ wurs ubo )o,ver (to neurl)' <me--chird) fOr trtfltromt " 'ilh 'be lirsh 
thrombin compared to lhe human lhrorobin (p=0.037). Howc\-er. at\cr I day in 
culture, tbe fi$b thrombin w:~s ul$0 Jess fictive 'ban 'be hum:~o 1lvombin (p-0.0003). 
lbesc data suggest tbat tbe mtuccd ascrocytic inflanunatocy respoollt to fish 
th.rombin na.~y be cuursed by !he. redl)(:ed activity of fl$h 1lvombin Or by 'be slower 
poteolysis rotc of fish thrombin on PAR L Tbe slower PAR I proteolysis rate may 
be p.'lrtiaU)' explflioed by fl$h 1lvombin'$ lower affmity fOr hirudin tOtOp.'lrtd U'l 
human thrombin. since lhe h.indin-like lltquence o( PAR I is largely related to its 
aetiv:~ tioo (3). 
Condusions: Tbe rcduoed inilammetOf)' respoollt by cultuml astrocytcs to fish 
1b.rombin (:\lropo:OO tO human 1hrombin may be reloled I() 'be Jo,-.,:er prOLooly$i$ ..,1e 
of PARI by lish thrombin compared to human. Future work is ooodcd to quaotil)' 
PAR ~Jeuv~e in viw and de(me. 'be time C()l.lr$e of lht$e rnOdifteoti()niJ as rela~ed 
to inilauunation. 

• I U l 
IRrtffllrt 

Fipre I, CI('A''Jl$· Gf f'ibrinoaM 
(nuo~n~~i_me) b~· rt\h 
thrombin It s.I~J~Ifkanlly ku 
3trong ly imJI.lli.red b)' hirudin than 
human thrombin al (Hir" ('T1trl 
rMtioufl ancll.S. 

At.kn oM' Iedgtmmb:: Suppor1 from 11 DOD @111nt (W81XWH· IQ.I·l00l) :~nd fill MhiOn Felk>w$hip, 
Rcfcrcntu: (IJ Soo Z et al. Om· Drug Torg.-ts lnjlarmu Allt>l'g\' 2004, 3:105-14. (21 Kubo Yet al. J l•ieurofl'(li~Hra 2000, 
17: 163·72, (3) Coushlin R. N01ure 2000, 407:25~. (4] Waos H t t a], (Jiio 2002, 37:$3-63. (SJ Michaud Set at 11rr()mb 
Res 2002. 107:245-54. 161 Doolittk R. J lunate- bmmm 2011. 3:9-16. 
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Smith J, Rothman S, Black J, Winkelstein BA. Spinal PAR1 mRNA Expression Decreases Early After 
Painful Nerve Root Injury with Inflammation. BMES Annual Meeting, #Sat-1-5-A, Hartford, CT, 
October 2011. 

 

Spinal PARI mRNA expression decreases early after painful nerve root injury wilh inflammation 
J. Smith'. S. Rollunan1• ). Black'. and B. A. Winl;clstein1 

1Unh<t:fiity of l\:n.t•$}'1\'lmifl, Pbit;·,,lelpbiil, PA 
lntroducHon: Neural trauma not only induoes nssuc danltlge and ble~-dlng bu1 al:;o Imtiates o locol inllammatOI)' r<:spc.,nse 
for rL·poiJ. Hi$b i:.()Jt<:<mtr;·,ti (>llS ()( <:)()uiu~ fill.ll()r$, .1.11o::h as th.n)tnhin, aro p«l$L'tll tO l' n)ll)l)tc heulin.('. 1'h.n:ltnhio cleoJ\'e$ 
proteose tarpe:ts including the prot~-asc octh'8tcd r~-.x:ptors (PARs) which k-ads to the release of clotting and mflommotory 
f;·ll.ll()r$ (I J. PAR :a<:liW•t i-l>n in ploltdets i ~S \\i!ll•lcli_ntd, bul onl"y 1"\."X:i!lJII)' ha$ the t:sp«:$~i<>n ()f the PAJ~ ~}'I:H!S hecn 
conlirm~-d for spmnl neurons t~nd glia (2.3(. Activation of lhn.,mbin-<k'a\'00 spinal PARs br inj.x:tioo of thn.llnbin mduces 
both th('ntli)l ;Jml til<:tile $i!u~itivity, implic:Hin~ the J()lco( thi!:si!' li!<li!J)I0f'IS iu poin (4,$). Although thi!N is s rowins i! vi.lei)Ce 
that PARs arc in,-oh·~'d in puin. it 1S not known whcth~-r the spinal expres:;t~'n of these rcoeptors 1S aOC:oted by p.tmful neural 
injury Tbi:: ()l~e<:tiv~ of this lStllll}' \\iiS I() 1Ul'4J$UN PAR 1 ;'lnd I>AJN m.RNA lil\'t:)$ iu lhi! $pinal coni :H t:iul~ time rll)iJJI.S :aft er 
l\\'0 different puinful ncr\'C rool mjuncs involvmg neural compression ond mllanunt~uon. 

Mat('rials and 1\t(·thodll: Scpamte groups of Holtzman ruls under\,cnt a pmnfu) C7 nerve root mjurr (6.7) (lACUC 
app1X1\'ed) OOiliJJii!$$iOn (IQgJ; n• ll), tl)mbi.ni!•l t()tupN$Si()tt :lnd inOimun;Hion (!Qg/+d lr, n• 14), or sbilm control (Sbiltn, 
n=.J). Mechanical allodynia 11:'1 the Ipsilateral (orcpow was m~-asun..-d to evalume b~'ha"ioro1 scnsitl\'Tty (i.e. puin) beiOre 
~13'(',':')' (l:101$i!line) and oJt dol}' I ;·,ner ~urs,ery. Rei!puu~~S were i.:()ll\J:O''-~ bch\L'\.. ... ) s,roup$ usiu~ il NpL~tcd·mL~$111\!$ ANOVA 
with Bonferroni. Spmol oord tissue was hol"'<:Sl~-d from separate groups at I bout (lOg{ n=S: /Ogj+dlr n=9) and doy I ( tog{ 
n""3. !Qgj+d ,r ,,-s. $hi1m n-4) II) oJ$$11}' PAR I oJml PAR4 m.RNA T()toJI RNA \\il~ i$1)\.;Jti!d fl)r RT ·PCR imaly$i$ I>AJ~ I imd 
PAR.J mRNA expn::ssk'n wus quantified. normohT..cd by Cyclophihn·A Je,'<:lS. and further normolll..cd to le\'<:IS in nonnal 
11:1\()J:O:::r.ucd nitS. Dif(l!ri!ttol!$ ~ween £1JI)UJ)$ \\t:r<: t:\'ilht:ttcd fl.'r Ci1<:b (t':ue Si!'l:li'lfl:llely ll$iJ\S a 1\\()·\\:ly ANOVA \\ith 
Bonferroni corn..-ction. 

R.:~uhs Md OIS<'uuion: Both ty-pes of compression InJUOCS produc'-""<1. m~-chomcal allodynia in the Ipstlatcral 10r¢JX~W ol day 
I tMI \\ll$ $iSAificimtly clc\'11tOO (p<O.OOOI) O\'L'f their <:OI'Nill)l)ndin{' bi•seliuc r<:$1)1)nSC$. \'i!(, ()nly lhi! llJgf+cltJ' i1l,jury 
produced oUodrnw that wus significantly (p=O.O.H) dewn~-d O\'<:r slltlm at that time potnl. Spmnl l'ARI ond I>AR.J mRNA 
lil\'t:)$ a1 I hour i1ftcr i! ilhL't iu,i1.n) ' \\ete uncl0ngi!d frl)m nom•:ll li!vei ~S J>AJN 
mRNA was also unclltlnged a t I day after both InJUOCS. Ln oontra-st I>ARJ 
m.RNA \\iiS s-itr.nifi~.-~ntly , .... ~uC:.:."'CI (P""'().QOOI) ill d;·,y I ufter a !()gf+d ll' 
compnrcd to corresponding le .. '<:ls til I hour (Figure H. Spinal I>ARJ mRNA 
\\;J$ mKhiutSCd hi!t\\elln lime puints a(tL't the /Og{iJ\iury (_Fis,..n\"l' I) , 'fhe:sc 
lindings 1mply that sp~no l l'ARI is modulut~-d withm 1 d!ly ol\cr a pnmful 
injury and U'IO'I}' require im iJ:IIl3'IIJ.IMII)IY i.:()ll!p()tletlt fOr $llo::b R!SUI3'ti<)n 
Taken together with the allodynia responSICs. this change m PARI in the 
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Contlusit)n~: Spmnl I>AR I prod:u.::tion doereoses cody (w1thin I dll)') afler 
1\Cr\'~ rOOI injury with a comhbwd <:l)ml'r~i\1! at>d iuf13'um~t~t l)•y <:Otnp•)ni!nt 
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<f~<~n•iry this imd Olber J>AJb a1 ):Her tiuM: pOint$ \\ill help II) 1!$1:-hlish t)teir 
rclot.wnslup to and role in mamtaming puin afler neural mjuf)·. 

• 

I hour 1 4~· 
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Vc:Jt;·ltli V ct ;J\, ,\((11 P<Jin, 2010, 6:1-17. (4) Q;arci:l PS i!l :II 11m>mh HMmO.'Im~u. 2()1(), 103 1145·$ I ($) No~ritil M J 
J\'i!ltrOJci. 2005. 25:10000-9.16) l·lubb.'lrd RIJ e:t al SphN!. 2005. ~: 1924-32. 171 Rothnton SM <:taL Hrom Re-5. 2007. 
113 1 :30-H ISII>.)p(>vicll PO i!!t ill J('(Jmp 1\'eurol, I <)C) I, 317:443-64 
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SALMON THROMBIN TREATMENT REDUCES PROTEASE ACTIVATED 
RECEPTORl EXPRESSION FOLLOWING PAINFUL NERVE ROOT INJURY 

JR Smith, CL Weisshaar, PA Janmey, BA Winkelstein 

PURPOSE: Protease activated receptor I (PARI) cleavage by thrombin has been shown 
to both attenuate and exacerbate pain depending on the level of activation and its route of 
administration. In contrast to the generally pro-inflammatory properties of mammalian 
thrombin, salmon thrombin has been shown to attenuate pain after cervical nerve root 
compression if given at the site of injury. Although PARI is implicated in pain, few 
studies have examined its expression following injury. The purpose of this work was to 
define the expression of PARI after painful nerve root injury and to define if salmon 
thrombin's analgesic effect is related to PARI. 

DESIGN: Immediately following cervical nerve root compression, salmon thrombin or 
vehicle treatment was applied to the location of injury and rats were monitored for 
behavioral hypersensitivity for up to 7 days after injury. PARI protein expression was 
measured at day 1 and day 7 in both the injured nerve root and spinal cord. 

POPULATION STUDIED: Male Holtzman rats (n=l7; 330-440g) were used under 
IACUC-approved conditions. 

METHOD(S): Rats underwent a C7 nerve root compression using a calibrated lOgf clip 
for IS minutes; immediately after that, either salmon thrombin (0.4 U/rat) or vehicle 
treatment was administered at the injury site. Mechanical allodynia was measured before 
injury and on each postoperative day by stimulating the ipsilateral forepaw using von 
Frey filaments. Nerve root and spinal cord was harvested on either day 1 or 7 in separate 
groups, and fixed and immunolabeled for PARI expression. 

DATA ANALYSIS: The number of paw withdrawals elicited on each day was averaged 
within groups and compared using a repeated measures ANOVA with a Tukey's test. 
PARI expression was quantified in the nerve root and spinal cord as a fold increase over 
levels in normal rats. Differences between groups were detected by a two-way ANOV A 
with Tukey's HSD test. 

FINDINGS: Pain was significantly attenuated for rats given thrombin compared to 
vehicle treated rats for all days following injury (p<0.02). Spinal PARI expression was 
increased over normal levels for the injured groups at both time points (p<O.Ol). 
However, at day 1 after thrombin treatment, spinal PARI was not different from normal 
levels and was significantly lower than the expression levels at day 7 (p=0.005). PARI 
expression in the nerve root was not different between any groups. 

CONCLUSIONS: Salmon thrombin transiently blocks PARI increases in the spinal cord 
after painful nerve root compression and provides sustained pain relief in the rat. 

IMPLICATIONS: Increases in neural PARI may be linked to pain from nerve root 
compression and can be partially blocked by PARI-reaction with salmon thrombin. 
Future studies aim to map the functionality of PARI by defining which cells are 
responsible for the increased expression and how this leads to pain. 

FUNDING: Support provided by the Department of Defense (\V8IXWH-IO-I-I002). 
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• cruonk: nect1. PJ!In •trtctl up to 70'4 ot the 1dull popuiJ'IIOn wnh 1 mijOI source being 
ceMc:al nerve root compression, u Rat model$ or nerve root comprenion produce 
:SUSia1ned hypersensitivity at least par1.1alty due to lnnammil1JOn at the InJury .site and m 
lhe cenlral netVOus system (CNS)_,. 

• Cue to IU: anll·lrlrllmmiiOJY propenitt, Hlmon tl'vvmbln has been s;uggelted to 
attenuate pain after ceMcal nerve root compression when administered at the stta of 
in]uty.1 However, lhe mechanism through which this occurs is unki"IOWn 

• Pf~e.lle KtivCIIIed rKeptOf 1 (PAR 1) Is tne m1Jn llliOmbiWctJYate<l rKeptor IM rs 
exprassll!!d on eels In the Cf\15, such as neurons and astrocy1es. Us actlvalloo has a 
com plex role In pain irliliation and malntenance.u 

Study Oblullye· MhOUgh PAR1 K'tlvallon t1 Wnpllclled In pain , only • few sludles 
111Ye examlnedlltle expression of t.hl$ r.oepCor alter irltUJY The purposo Clf t,l,. 1tudy 
wa.s to Investigate the elfltd or salmon lhrombWI on mechanical alkxtynia and PAR1 
e~epressaon In lhe nerve 1001 and spinal con:l aner palnlul cervical nel'\le toot 
eompresStOn ai'ICIIo determine ir thi'OITibin's analge.s.Jc elfect iS related to PAR 1 

Materials & Methods 

Gtnf!Ut/ prqgdurn; t:'ll~l p-oceclurot 'NeiO •wovecl ~ IP'IO Utwertlt\' 01 Pennt~·· 
IA.CUC Male Holzman ra~ ~Ira 250..350 grams, Und~ •urgical proc:edur~ tor 11 painful 
oeMcoill neNe tOO( comptestiOn rn orOttro ev~tt- Gvombln 11Utrnen1 IOf u. compretiJOn n,..y 
grt:q). RpM&~te goup5 r~Mid efhef Umcn ttlrombln (ftnlmtwp. n4) or newoba&.al media :D 11 
vehidt c:ontfOI ( lrfl"O. ,. -B) (F·!g \I These QL'OUPt 'Wtl'l oqualty Mlbd!Vdod fOt ltlatyt• Of PAA1 
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II:Ze INI onl~ lllldi.Ged 1001 tiSsue 

CU&Iomz:ed demtometry code ~ed the peroont "' po5J!Ne PQ:eii IM!f il del'med threshold 
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• Mech•nbl llod)'Ria ioicJ;whg nef'IIO rool compfUslon Wllh ~ t'eattnenl is. 
elevated a1 altime poinls (Fig. 2)- '11'1trofrlDfl lmalfl'MI1ll signifiCantly re<luces the nurmer 
of paw wll:hdmwab overa.\1 lor les.l~ wi:th bOih Mameml :5trenglh$ (p<Q 01) (Fig 2) 

• AIIOdynia i$ Sigl'lifJcandy (p<0.043) nM:IuC*i ror rht'Omb.f) l~&tment on po$t-oper<~1M day 
I and clay 5 rot" the 2Q liament and on Lilly 5 and dillY 7 ror the 4g fil;iimenl. wl!en 
compared to V'flluc• ,Mponses (Ag 2) 
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IIW'Otnbift and wt~Qt ueatment (Ag .. 3) . PARt l& etevalft<lfor boUI groups. at Clay 7, witn 
lhe vehiCle ln!:iiiled group exhibiting robu:5t l/;lbe.llng. ~;~lthoogh this Increase Is nQI 
•lonl-11(flo.3) 

• Spln•l PAR1 expres5ion is signlflcanlly etevaled (pc0.006) over le~ts in normal un­
operatecl f'IIS ror veftldo lfe.atment 11 Clays 1 a!ld 7 and tiV'Otnbln treatm&Ot 11 day 1 (Fig_. 
-4). 71Wml'm tr@atmflnl produOI!IS Spinal PAR1 upresSion Bl day 1 thai CS unchanged 
from noanal levels end 15 sirplfflcanUy lower {pll0.005) than e~n revel5o In thM 
same group at Clay 1 (F'IIiJ. <4) 

Discussion 
Salmon lt'!rombln tl'ansientty blocks ~ases In SJWial PAR1 expression after painrul nM¥1!1 1'001 compmsslon in associaliOn wfh sustained pam relief In lhe ral {FGS 2 & 4). 'The 
oena~ resultS agree wtn pre\llovs ftKhngs tnal salmon libffn lleatmentto tne injuted rootS ~l'licient to decrease nerve rool·lindueed sensill\lity.~ Fincf'lngs rrom this study suggesl 
that spinal PAR1 IS an uny tegulator or ne.uropatlliC pain and that samon lhrombin can rnodu&ale tl'tJs teeeptor's expmSion i1't lhD spl\al coAj 

Spinal PARI exptession wn-a.ses early after a painfulnai'Vft r001 COI'I'Ipi'MSion and remains elevalltd tor up 10 one wHk ariM lnB1 painfullnjufy, eoti'&SI)Of'ding DO 1M ln'll'tledlate and 
~alnecl b:fease in meeh•nieal 1iklclynl1 folowtng neM root Injury (Figs 2 & 4). Previous wottc with 1 PllnM nerve lnlul)l reported • similar lnctease In spinal PARt e)ll)fes.sion 11 
Gay 7aner lhlt petlpheraJ Injury 10 

Chlng&S In PAR 1 eJCP(esSion were not obset'\lfld at 1M lie or "-JufY (Ag. 3). In con1rast. ineteased PARI mRNA 11M been oDSlll'\l'ed in tJMt Injured MINt at days 1, • and 7 after pal'tial 
$Cia tie neNe io•tlon ,, Ah.hOUQh I he Qlfl'en• Sludy did not lnwsrlgate mRNA, Utken loge!her these ftndlngs s-uggest I hat PAR1 modulltf~n after k'ljury likely depends on 1M IOeatlon end 
type ~ Injury, as well as the lime course JoiiCI'Nlng lnju~ . 

SAlmon fitn't t~atmmu (wtWch nclud~ :. lhrombln component) was unable 10 reduce spnal gial ac:wauon at dtly 7 allet ltli:!i Sfllmft Injury,' whleh lmpi&$ 1ha1 the lnt.f'U$8d PAR1 
exprHSion ob5erved ~this s.ludy may due ln p.art to expression by activated spinal gial ceJI5.tn Future studieslnvestJoQJ!ing the cellular 50urce ot PAR t atter painful nONe root 
compreuion ere needed 10 deletmine if the modificatiOn in expressiOn or PAR 1 is due to neural ot gilt ocus. 

None!Miess. thiS stlldr demonstrates lhlt SJ*'Ial PAR1 &xptf!I5Si0n iS wtueed earty att.er a pai'lrul mech8n1C81 injuty to the ~Meal neM mot funner. salmon 1htombln can transientty 
block lhat Increase whkh teads lo attenuation of pain. AdditJonal studies e.xarrinirtilttle funclionaily of PARI by determining lhe G·twotelns coupled 10 them and tt'!e amounts of 
endOgenouseoonim present In tne CNS can provide more infOONt.on about this receptei"'S role in neuropathic pa1n and would help to identify potentillthel"'peulic if'tleMnt#ls to 
natp.aln. 
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Salmon thrombin leads to decreased 
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radiculopathy 
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Biomaterials in treating neural trauma 

Must 

- Promote trssue he~lng 
- Restore norrrnl neuronal funcbonmg 

- Mmrn1ze tnflarrrnabon & gial scarrtng 

Fibnn 

Thrombll 
- Marrmallan tttrornt::Mn-promotes 11flarrmation 
- Salmon thrombtn-promotes neural outgro'Mh n vtvo 

and mttJg~tes pam tn antmal models of radtculopattty 

Experimental design 
Well established 1n vrvo rat model of radteuopathy 

• Measure spinal o:lrd responses to forepaw stimuli 

'tl' 

r-----------------------------1- .._ ::....7 lOgf ...... 16 ... ~1 f•15nrlill ......... . : 

1~ ~ t j I I I 1 
I -> o 3 o ~ I 
I l'l"'oo!chw'Mcal.tfodJ"'ll~ '- I 
I~ ~ I 
1 h.Jm-iin 1fTcrf'lbln '""'•• urd I 
I -..hldet•J•obni!IMCMI) M.:tr;:~:Dg:r I 
I fK!1r'UIIleOC~ IUPOOS!gtnp) I 
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Radiculopathy & nerve root compression T 
Neck pain atrects nearty ¥.or the acUt pllJUaoon 

CCI'tut..,11• 

OVerY. of those cases have persistent p~ln for more than 1 yeM 
CA ttat,:!JCN, ll llltUI,21114 

Disc herniation lrtvol.les a compressiVe componeri which IOOt..ces 
neu<!l tr<J.Xna to the nerve rocts 
Mlbf• tt~.:Dll 

........ 

Hypothesis & aim 

Salmon thrombin may avoid the potentially damaging 
pro-Inflammatory .rtects Cit mammalian coagulation 
factors and may be suitable as an analgesic ttMrapeutl c 
for neural trauma. 

AIM: Use an In -.1vo rat model of painrt.l nerve root trauma to 
evaluate tne ~me course or pain and neuromi function, vta 
5pinal cord electrophystology, folowing human 2l1d salmon 
trtrOm~l1 treatment 

Electrophysiology methods 

"'-_.= -,-----.---.,-, d~y7 -ton.pw stirl'liJI:atlldby'K.ln Freyli~s[1 .4. 4,11 '2Gg) 

:::. jr;w* pMsfPrWius(l) 11rV\..rVL .. 
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Modulation by thrombin 

Thank you 

Df!panmell l of • .' 
Neurosurgery -· . ~ 

Conclusions & next steps 

Treatment of compressed neural tissue with salmon 
thrombin attenuates the behavior and spinal cord 
hyperactivity that is associated with a painful 
compressive injury or following treatment with 
human thrombin. 

This restored neuronal signaling may account for 
part of salmon thrombin 's mechanism of analgesia. 

Complete fu rther electrophysiological studies 

- Define responses to injury in the deep brain 
structures. such as the thalamus. 
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Neural repair & thrombin 

810mare1131~ 2!pPI"Oaches to treat neural trauma am to: 
• Promexe nswe neatlng 
• Restore normal neuunaj runctionng 
• Mlnuntze rtlammatoo & gNat scarring 

Flbr1n ntlales cloWng cascade after trauma & promotes nssue 
healng 

FlOrin is suotaole for .!lfllli!! repair OecatSe 
• lrtectitlle bitn~aterlal 
• Simiar mechaniCal properties to nervous Msue 

Mamma ian thromtlln activates irtlammatory g potertialy 
neurotoxic r~ponse n tte CNS ~ ltra'nbln prom~ 
neurooal ruturowth n Vitro 

al! loa*'-..,. •tal., 1t91iil; Gtotgu "~" Dlto';LI ttai~Zilii.II:-.:-~RM•a.o eta&. Dll',e ... ~ .. D• 

Methods : Aim 1 
.- ---.;-.;-..-;;;;,;;;;.;;;,;;;,.(..-a;-- , 
: ,.,.,.,.. ', r - -------
1 

hurr,.,thr rnbtfl l /'tlaM-.11d.avag•r••l 
-.,. J-1~tltPOflibtrlr.ce,,oa: J 

I u,.. _ _, I ("''" 1.3&4J I 
I I ~--------~ 
I f I 
I a .... ;,-.~r,.l'l •••l l 
I e)'ot..in•fUP"JJW I I 
l ______ ____ ~';!:l,L;!!'-..!".!':2_1 

Radiculopathy & nerve root compression 

N eel< pain alfects nearly y, at tne adi.At population 
CllttC&.W8 

Over 'h of those cases have perSI!iten: pam for more lh<'l"l 1 year 
tflt1~ .. D I ,MitQI.,;2DU 

Di'lc herniatlon ln'IOIYe~ a ccmpress1ve component which ifl:IU:es 
naral traum 11 to the nerve ~ 
IC>Buln~ •• :Dt 

Project aims 

Salmon thromon may avoid the poteJ'ijaUy damag~ng pro­
lrtlammatory effett~ at mammaHa1 roag!Aatlorl ractors ano may 
be suitable as an analgesic tlefapeutk: for naraj trauna 

AIM 1. auantty ana compare neural !11JWth and lnflarrmatcry 
responses 111 neuronal aM m1xed cuture preparations m 
response to l'll.m<¥1 and salmcn tlYomoln nelated to l~amma•cn 
and pain 

AIM 2. use <'~"~ n V1vo rat mOCiel at palrti..M nave root trdJlla to 
evajuate tte bme course at pain, lnfliYnmanon, ard l'lel.fil1al 
function foiOWM1Q human ar«.:l sa~non t.!Tonbm treatment 

Methods: Aims 1 & 2 
I --;;;;; .. .,-ot-;.t.t.o~~&;:,-;;;-"1Q)I 

: ~-mer:v~rrrbln : r .::s: :::;;,;e:i 
I _.. , _. ~:t ......... itC-¢•• I 
I untnlhd I ( ' A.ft1, l &~ I : ' : ~--------~ 
I Ou.-:~Wy ullly(4,8hr)( 
I C!JI.Oid,.. '"''.... I 
'----------..i~:..!'..!1.:.!'!.!l-1 
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Thrombin-induced inflammation in vitro 

m IL·I~ 

h' 
r .I: 

10 TNf'.o.O 

h' 
Jj: 
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Myelin basic protein & lba1 in nerve root 

J II: - -14g,. :~ ~ 
~ I ~ . . 

OIIJ41t7 ............... 

Aim 2: Electrophysiology results T 
G«Lo• ... ,. 
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CJyl - --... ltauiiiiHI&IJ von ,.,..,f~~Jm.-rts •1A.•. 10 & 258) 
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PAR cleavage rate by thrombin 

~~~:b~ ~ 
- .. ~-~uu~:-"· ~ 

'~~~ f~·~ 
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Aim 2: Electrophysiology methods 
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'" .... , -· , 
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Ongoing activities 

Complete electrophysiology el(J)eriments. 

Define differences In the neural recovery associated woth paln 
responses folowong human and salmon thrombin thrombin 
treatment. 

T 

Characterize effects on lnnammatory responses In \Oivo S. in vtlro • 

PAR1 kine(ie5: 

• modified peptides 

on cells 

.... 
I 0.1 ..... 

Jf:: 

., __ 
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Conclusions 

Sajroon ttnrnbin elthl:l~ uniq.le analgesic properties cCJ'Ilp<!"ed 
to /"Un 1J1 thromtlin wtieh may be liJe to Its 

• sl I:NI'ff actJv<tlrn rt PAR 1 

• re£1Jeoo lr11ammalon & macroi1Jage mmra~on at the ste 
rt il']ury 

• rrreased nerve root repar 

• ~sS~I:Ie restored neuronaj S19"'!lng m tne spnal ccr-d 




